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Summary

One of the two X chromosomes in each somatic cell of
normal human females becomes inactivated very early
in embryonic development. Although the inactivation of
an X chromosome in any particular somatic cell of the
embryonic lineage is thought to be a stochastic and epi-
genetic event, a strong genetic influence on this process
has been described in the mouse. We have attempted to
uncover evidence for genetic control of X-chromosome
inactivation in the human by examining X chromo-
some—-inactivation patterns in 255 females from 36
three-generation pedigrees, to determine whether this
quantitative character exhibits evidence of heritability.
We have found one family in which all seven daughters
of one male and the mother of this male have highly
skewed patterns of X-chromosome inactivation, sug-
gesting strongly that this quantitative character is con-
trolled by one or more X-linked genes in some families.

Introduction

Any sample of somatic cells from an individual female
will consist of two populations of cells; one in which
the maternal X chromosome has been inactivated and
another in which the paternal X chromosome has been
inactivated (Lyon 1988). If the choice of which X chro-
mosome becomes inactivated during embryonic devel-
opment is truly stochastic, with a probability of .5 that
either is inactivated, then a collection of samples from
a population of females should approximate a normal
distribution, varying about a mean of individuals who
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have 50% of cells with an inactive maternal X chromo-
some and 50% of cells with an inactive paternal X chro-
mosome. Individuals whose somatic-cell populations de-
viate greatly from the mean may occur by chance, by
selection against X chromosomes that carry a mutation
in an X-linked gene (Lyon 1988; Allen et al. 1992; Gib-
bons et al. 1992; Brown and Brown 1993), by selection
in favor of the activity of an X chromosome involved
in a balanced X autosome translocation (Leisti et al.
1975; Zabel et al. 1978; Schmidt and Du Sart 1992),
by selection in favor of an X chromosome carrying a
gene that results in increased proliferation (Migeon
1993) or survival, or as a result of genetic differences
that affect X-chromosome inactivation per se (Willard
1995).

Although the X chromosome-inactivation phenotype
of humans is not known to be heritable, it is reasonable
to suspect that genetic variation in the propensity of
particular X chromosomes to be inactivated may exist
among humans, as has been demonstrated in the mouse
(Cattanach and Williams 1972). There is, overall, strong
similarity between the X-chromosome dosage-compen-
sation system in the mouse and that in the human. The
X-inactivation process in both is thought to require a
unique region of the X chromosome, the X chromo-
some—inactivation center (XIC). Within the cytogenetic
region defined to be the XIC in both the human (Brown
et al. 1991) and the mouse (Borsani et al. 1991; Brock-
dorff et al. 1991), there is a gene (XIST in human and
Xist in mouse) that is transcribed specifically from the
inactive X chromosome. In the mouse, another locus,
called Xce (X chromosome-controlling element), has
been demonstrated to influence X-chromosome inactiva-
tion, in cis (Cattanach and Williams 1972). This locus
also resides within the cytogenetically defined XIC re-
gion but is distinct from Xist (Simmler et al. 1993).
There are at least four variants described at the Xce
locus: Xce?, Xce®, Xce*, and the less well-described Xce?
allele from Mus spretus (Cattanach and Raspberry
1991). This allelic series represents a gradation of in-
creasing tendency for an X chromosome to remain ac-
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tive. Allele Xce® is stronger than Xce®, and Xce® is
stronger than Xce® (Cattanach and Williams 1972; West
and Chapman 1978; Johnston and Cattanach 1981).
For example, in an Xce“/Xce” heterozygote, the chromo-
some bearing the Xce‘ allele is more likely to remain
active; and, in an Xce®/Xce® heterozygote, the chromo-
some bearing the Xce® allele is more likely to remain
active.

In addition to these well-documented genetic effects,
there is a strong epigenetic effect of parental imprinting
on the inactivation of an X chromosome in both the
mouse and the human. In the extraembryonic tissues of
both organisms, the paternal X chromosome is inacti-
vated preferentially (Takagi and Sasaki 1975; West et
al. 1977; Ropers et al. 1978; Harrison and Warburton
1986; Harrison 1989). The epigenetic effect of parental
imprinting on X inactivation may be overcome, in at
least some cases, by manipulating the parental origin
of “strong” Xce alleles; that is, a paternally derived,
“strong” Xce* allele is likely to remain active in extraem-
bryonic tissues (Kay et al. 1993).

The possibility that X-chromosome inactivation in
humans is also under genetic control has not been inves-
tigated extensively. A number of examples of skewed X
inactivation in families or in MZ twins (reviewed by
Willard 1995) have been observed, but these have gener-
ally been ascribed to chance, to selection against an X
chromosome bearing a recessive lethal gene, or to selec-
tion in favor of an allele resulting in a proliferative ad-
vantage for cells with a particular X chromosome active
(Migeon 1993), even when the presence of such an allele
cannot be demonstrated (Clarke et al. 1993).

Because we were interested in the genetic control of X-
chromosome inactivation, as well as in other phenotypes
that may be responsive to parental origin, we screened
36 three-generation families with no known genetic dis-
order for the X chromosome—inactivation phenotype of
the female members. As a result of this search, we have
identified one family in which a paternal grandmother
and all seven of her granddaughters have highly skewed
patterns of X-chromosome inactivation in their lympho-
cytes. We have also demonstrated that, despite the
clearly X-linked pattern of transmission of this effect,
the skewed X chromosome-inactivation phenotype
found in lymphocytes in this family does not cosegregate
with a variant allele at the XIST locus.

Subjects and Methods

Subjects

DNA samples from lymphocytes from 241 females
from 33 three-generation families from the Salt Lake
City collection, 14 samples from 3 families, and samples
from 64 unrelated females collected by our laboratory
and from 169 unaffected mothers of patients who have
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sporadic cases of either Wilms tumor, retinoblastoma,
or Beckwith-Wiedemann syndrome were used to study
X inactivation. A total of 365 females who have no
known genetic disorders and who were informative for
alleles that could be quantitated by densitometry have
been screened in this study.

Androgen-Receptor (AR) Gene Methylation Assay

DNA isolated from lymphocytes was used in this
assay. A 200-ng portion of DNA from each sample was
digested with Alul for 1.5 h, and then one-half of the
sample was digested with Hhal or Hpall for 2 h. Both
digested DNA samples were used as template for ampli-
fication of the highly polymorphic AR (CAG), repeat
(Edwards et al. 1992). PCR was run in the presence of
o-32[P] dCTP (98°C 1 min, 68°C 1 min, 75°C 2 min) for
26 cycles in an Ericomp Easycycler (primers 5'-GCT-
GTGAAGGTTGCTGTTCCTC [La Spada et al. 1991]
and 5’-AGAGGCCGCGAGCGCAGCACCTC). PCR
products were separated in 5% denaturing polyacryl-
amide gels, as described elsewhere (Naumova et al.
1995).

DNA, RNA, and cDNA Preparation from Lymphoblast
Cell Lines

Genomic DNA was extracted from cultured cell lines
by a salting-out method, and RNA was extracted as
described elsewhere (Chomczynski 1989). All cDNAs
were prepared by reverse transcription of 1.0 pg total
RNA primed with random hexamers with 5 units of
reverse transcriptase as described elsewhere (Brown et
al. 1990). Cell lines 11993 and 10860 (National Insti-
tute of General Medical Sciences’ Human Genetic Mu-
tant Cell Repository) were grown at 37°C in RPMI me-
dium (GIBCO) supplemented with 15% FCS, glutamine,
penicillin, and streptomycin (GIBCO).

XIST PCR Amplification and Sequence Analysis

A 50-ng portion of genomic DNA or cDNA was am-
plified in a Perkin Elmer 9600 GeneAmp in 25-pl reac-
tion volumes with C4-3 (5'CTGCCACCCATATATA-
AGpchCT3’) and C23-3 (5'AGCATGTATCTTCTGG-
ACAG3’) primers (Rupert et al. 1995) in a reaction mix-
ture containing 20 mM Tris (pH 8.4), 50 mM KCl, 200
uM dNTPs, 1.5 mM MgCl,, 0.5 uM each primer, and
2.5 units GIBCO Taq DNA polymerase. Amplifications
consisted of an initial 2-min denaturation at 95°C, a 15-
s annealing at 55°C, and a 45-s elongation at 72°C, with
a final 7-min elongation at 72°C after the 30th cycle.

A 15-ul portion of the PCR reaction was purified with
Qiagen QIAquick Spin PCR Purification Kit and eluted
in 50 pl water. An 8.5-ul portion of the purified fraction
was sequenced with 3.8 pmol of the C4-3 primer ac-
cording to the conditions outlined in the ABI 373 Se-
quencing System. Sequence data were stored and ana-
lyzed by use of ABI SeqEd software.
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Quantitation of AR Methylation Assay

To quantitate the methylation of AR alleles and the
skewing of X inactivation in females, we scanned auto-
radiograms on a laser densitometer (LKB; Ultrascan).
Some gels also were exposed to Fuji phosphorimaging
screens for 1-16 h, and the intensity of bands (alleles)
was quantified by using the Fuji BAS 2000 phosphorim-
ager. Comparable results were obtained when both
methods were used on the same gels (data not shown).

As a way of quantifying the degree of skewing—that
is, the degree to which the somatic cells of an individual
female deviate from a 1:1 ratio of cells having the pater-
nal versus the maternal X chromosome active—we have
used two measures: (1) the density of the lower allele,
divided by the sum of the densities of both alleles (m/
[ + s]) in Hhal-digested samples, and (2) the absolute
value of the difference between the ratios of the nondi-
gested and digested samples. This latter measure, the
absolute-difference score (ADS), is defined as ADS
= |[(ml(m + )"~ — [m'l(m’ + s')]"**|, where m
and m' are the densities or phosphorimage counts corre-
sponding to the smaller allele, and s and s’ are the values
for the larger allele of the AR PCR product (Naumova
et al. 1995). This latter measure was used in this study
only to allow quantitation of skewing in individuals who
were heterozygous for alleles that differ in length by
only a single CAG repeat. In such cases, a minor band
of the upper allele comigrates with the major band of
the lower allele (see fig. 2). In the cases reported in table
1, the density of the minor band of the lower allele,
rather than that of the major band of the lower allele,
was used, and the densitometric fraction observed in
the nondigested sample was used to correct the fraction
observed in the digested sample.

Results

We have examined X chromosome—inactivation pat-
terns in lymphocytes (not lymphoblastoid cell lines)
from 365 “normal’ females (>400 females were, in fact,
analyzed, but only 365 were informative for quantitative
analysis; see Subjects and Methods). As a quantitative
measure of the proportion of each female’s cells that
had one or the other of their X chromosomes active, we
used an assay that is responsive to methylation of cyto-
sine residues at Hpall or Hbal restriction-endonuclease
cleavage sites adjacent to the highly polymorphic tri-
nucleotide repeat within the AR (Allen et al. 1992).
These CpG sites have been demonstrated previously to
be methylated on the inactive X chromosome, and a
sensitive PCR-based X chromosome—inactivation assay
has been described and used by a number of laboratories
(Allen et al. 1992, 1994; Pegoraro et al. 1994; Naumova
et al. 1995; Orstavik et al. 1995; Wengler et al. 1995).
The distribution of these females, as a function of the
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percent of each female’s lymphocytes that have the same
X chromosome active, is given in figure 1.

We note that a substantial minority of these females
appear in the two most extreme phenotypic categories
(80%-90% and 90%-100% of cells with the same X
chromosome active). Twenty-two percent, or 80 of the
365 women, were found to have =80% of their lympho-
cytes with the same X chromosome active. Initially we
found this observation surprising, but this estimate is
similar to that reported by other investigators using ei-
ther the AR methylation assay on total lymphocytes
from normal females (3 [15%] of 20 of normal women
were found to have =80% of lymphocytes having the
same X chromosome active [Pegoraro et al. 1994]) or
independent measures of X inactivation (Nance [1964]
observed 8 [27%] of 30 normal women expressing the
same G6PD allele in =80% of their lymphocytes). Some
investigators have found a smaller proportion of normal
females to be in the two most extreme categories when
the AR methylation assay was used (2 [11%] of 19 T
cell samples from normal females [Puck et al. 1992],
and 3 [12.5%] of 24 CD19™ samples and 1 [4.2%] of
24 CD19* samples of normal females), but these studies
examined only subpopulations of lymphocytes and
small numbers of women. In our population sample, if
we consider only those 64 unrelated women who were
sampled specifically as a control group and are not mem-
bers of the 36 three-generation families that we have
analyzed for heritability of X-inactivation phenotype or
unaffected mothers of pediatric disease patients, then 9
(14%) of these 64 women have =80% of their lympho-
cytes with the same X chromosome active. We conclude
that, overall, the results of our analysis of X chromo-
some—inactivation patterns in ‘“normal” females do not
differ substantially from those reported by other investi-
gators.

Two hundred fifty-five of the females analyzed are
members of 36 three-generation families. We examined
these families for evidence of heritability of a skewed
pattern of X-chromosome inactivation. Because the X
chromosome-inactivation phenotype of an individual
female is a quantitative character but the simple type of
segregation analysis that we wished to do is most easily
performed with a qualitative character (i.e., skewed X
inactivation vs. nonskewed X inactivation), we chose an
operational and historical definition for a “skewed” X-
inactivation phenotype (Takagi and Sasaki 1975; see
also Naumova et al. 1995). If =80% of an individual’s
lymphocytes had the same X chromosome active, that
individual was designated as “skewed.” This value was
chosen on the basis of the original description, by Takagi
and Sasaki (1975), of nonrandom X-chromosome inac-
tivation in extraembryonic tissues of the mouse. The
minimum value for the fraction of cells observed by
these investigators to have preferential inactivation of
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Table 1
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Analysis of Skewing of X Inactivation in Lymphocytes of Females from Family K1362

X INACTIVATION?

Hhal Hpall
Cells with Active X Cells with Active X
(%) (%)

INDIVIDUAL AR ALLELES ADS Maternal Paternal ADS Maternal Paternal
I-1 B, C° 43¢ 7¢ 93¢ 45 5¢ 95¢
I-2 A, B® .02¢ 52¢ 48¢
1I-2 A, D 47 53 No data
I1I-1 A, C 6 94 11 89
11-2 C, D 39 11 89 No data
111-3 A, C 6 94 12 88
111-4 A, C 4 96 15 85
III-5 CD 25 25 75 44 6 94
I1I-6 A, C 13 87 No data
-7 A, C 15 85 15 85

5

2 Estimation of the proportion of cells with the same X chromosome active, based on quantitation of AR
assay. The Hbal* assay represents the methylation status of two Hbal sites within the first exon of the AR
gene, and the Hpall assay represents the methylation status of one Hpall site within the same region; these
sites have been shown to correlate with the inactivation status of the X chromosome (AR alleles being

methylated on the inactive X) (Allen et al. 1992).

® Parental origin of the active and inactive alleles could not be determined (see footnote c).
¢ Because parental origin of the active and inactive alleles could not be determined (see footnote b), this
entry represents the proportion of cells with lower (“maternal”) or upper (“paternal”) allele active.

the paternal X chromosome was 79% (Takagi and Sa-
saki 1975, table 1). Although 22% of the 365 normal
females whom we examined have skewing scores greater
than or equal to this value, if this degree of skewing is
assumed to occur randomly, then the probability that
individuals within the same family exhibit this level of
skewing is given by the binomial distribution with P
= .22. In the case of all # individuals within a family
being skewed to this level, this probability simplifies
to (.22)".

~

Females (percent)

80-90

50-60

60-70

Skewing (percent of cells with same X chromosome active)

70-80

Figure 1 Frequency distribution of 365 normal females with
respect to X chromosome—inactivation phenotype found in lympho-
cytes. The percentage of cells with the same X chromosome active
(abscissa) is as measured by the AR methylation assay.

We found several families in which X chromosome—
inactivation profiles were unlikely, on a statistical basis,
to be random. Segregation analysis of all but one of these
families is complicated by additional factors (analytical
criteria, choice of segregation model, potential for non-
penetrance of trait or for occurrence of “sporadics”
within families, etc.), and these pedigrees, as well as a
heritability analysis of X inactivation for all of the fami-
lies, will be reported elsewhere (K. Morgan, unpublished
data); but one family provides strong evidence of an X-
linked pattern of transmission for the phenotype of
highly skewed X-chromosome inactivation (fig. 2).

The AR-locus PCR-based X-inactivation assay for
each female in K1362 is shown beneath the pedigree in
figure 2. (Note that only the assays for females are
shown in the figure but that all of the males in this
pedigree also have been typed at the AR locus. All seven
of the daughters have the same AR allele as their father,
as well as their father’s alleles at DXYS17 [data not
shown], as expected.) Neither the mother (II-2; fig. 2,
lanes 5 and 6) nor the maternal grandmother (I-2; fig.
2, lanes 3 and 4) in this family exhibits a skewed pattern
of X-chromosome inactivation, as can be seen either by
inspection of the autoradiograph (fig. 2) or by quantita-
tive densitometry (table 1). The paternal grandmother,
on the other hand, shows a highly skewed pattern of X
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Figure 2 AR-methylation PCR assay in females from family
K1362. The Hhal* assay represents the methylation status of two
Hbal sites within the first exon of the AR gene, which has been shown
to correlate with the inactivation status of the X chromosome, (AR
alleles being methylated on the inactive X) (Allen et al. 1992). The
inactive AR allele (i.e., the better-amplified allele) in I-1 is inherited
by II-1 but is active (i.e., poorly amplified) in all seven females in
generation III.

inactivation, as do all seven of her granddaughters (fig.
2 and table 1). In addition, the paternally derived X
chromosome is active preferentially in all seven of the
females in generation III.

Although the phenotypic trait of skewed X-chromo-
some inactivation in the granddaughters (III-1-1II-7) ap-
pears to have been inherited from the paternal grand-
mother (I-1), through the father (II-1), the
autoradiogram in figure 2 indicates that the AR allele
that is located on the preferentially active X chromo-
some in the seven females in generation III was located
on the preferentially inactive X chromosome in their
paternal grandmother. This observation indicates that,
if the phenotype of skewed X-chromosome inactivation
is linked, in cis, to the inactive X chromosome, then a
recombination event must have occurred between the
AR locus and the gene that is responsible for skewed
X inactivation in the paternal grandmother (I-1). This
recombinant chromosome would then be transmitted to
the son (II-1), who would transmit this X chromosome
to his daughters (generation-III females).

Because the X chromosome—-inactivation center
(XIC) is believed (by definition) to be required, in cis,
for the inactivation of the X chromosome (Russel 1963;
Mattei et al. 1981; Brown et al. 1991), we addressed
the possibility that the preferentially inactive X chromo-
somes in female I-1 and in generation III share the same
copy of XIC. This hypothesis requires a recombination
event to have occurred between AR and the XIC in
Xq13.2, which maps ~8 cM distal to AR (Fain et al.
1995). To test this hypothesis, we used an expressed,
single-base-substitution polymorphism within the XIST
gene (Brown et al. 1992; Rupert et al. 1995). This gene
is expressed only from the inactive X chromosome and
is located within the cytogenetic region currently defined
as the XIC (Brown et al. 1991; Heard and Avner 1994).
Both DNA and RNA were obtained from lymphoblast
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cell lines of the paternal grandmother (I-1) and her son
(II-1). The paternal grandmother was determined to be
heterozygous for XIST alleles containing either A or G
at position 15944 (fig. 3). The phase of the AR and
XIST alleles on the paternal grandmother’s X chromo-
somes was determined by exploiting the facts (1) that
both the lymphocytes and the lymphoblast cell line from
this female had strongly skewed patterns of X inactiva-
tion and that the XIST gene is expressed from only the
inactive X chromosome and (2) that the AR allele on
the inactive X chromosome is methylated. XIST cDNA
derived from the lymphoblast cell line of the paternal
grandmother consisted of only the G-containing allele,
indicating that this allele (XIST®) was present on the
inactive X chromosome. Analysis of the alleles at the
AR locus by the differential methylation assay revealed
that the same allele (defined as allele “C”” [ARC in table
1]) that was present on the preferentially inactive X
chromosome in the lymphocytes of individual I-1 is also
present on the inactive X chromosome in the
lymphoblast cell line from this female (fig. 1 and data
not shown), indicating that the phase of these markers
in female I-1 is centromere—ARC -XIST® . The father
(II-1) inherited allele C at the AR locus and inherited the
G-containing allele at XIST, indicating that the phase of
these markers in the son and his mother are the same
and that no recombination event has occurred between
AR and XIST on the X chromosome inherited by the
son. In addition, these results imply that the XIST allele
that was located on the preferentially inactive X chro-
mosome in the paternal grandmother is located on the
X chromosome that is preferentially active in all seven
of her granddaughters. Because the paternal grand-
mother and her granddaughters are discordant for which
X chromosome is preferentially active in their lympho-
cytes, this phenotype does not map to the X chromo-
some interval between AR and the XIST polymorphic
site in this family.

Discussion

We have entertained three categories of models to
explain these observations: nongenetic, autosomal dom-
inant, and X-linked inheritance of skewed X inactiva-
tion. We do not believe that the skewed X chromosome—
inactivation pattern observed in the seven daughters oc-
curred by chance, because our observations (fig. 1; also
see Results) indicate that the probability that this would
occur in all seven daughters of one family is <2.5
X 1075 (.227).

The second possibility is that the trait is genetic but
not X-linked. We are unable to eliminate this possibility
at this time, but, if there were an autosomal gene co-
segregating with skewed X-inactivation phenotype in
this family, the probability that the gene would be trans-
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a 11993 (I-Yl) DNA b 11993 (I-yl) cDNA c 10860 (II-1) DNA
y
GATTTACGAAGCCTA GATTTACGAAGCCTA

GATTTACRAAGCCTA

Figure 3

Analysis of the XIST polymorphism (Rupert et al., in press) in DNA and cDNA. DNA and RNA were obtained from lymphoblast

cell lines (National Institute of General Medical Sciences’ Human Genetic Mutant Cell Repository) 10860 (II-1) and 11993 (I-1), and ABI
sequence analysis was performed. a, Analysis of genomic DNA, which demonstrates that I-1 has both the “A” and “G” XIST alleles (arrow;
R-purines). b, cDNA sequence from I-1, which demonstrates that the “G” allele is preferentially expressed (arrow) and therefore is present on
the inactive X chromosome. ¢, DNA sequence analysis from II-1, which shows the inheritance of the “G” allele (arrow) from I-1. Therefore,
the XIST allele located on the preferentially inactivated X chromosome in I-1 is inherited by II-1 and, on the basis of its being in cis with the
AR allele, is on the preferentially active X chromosome in all females in generation III.

mitted from the grandmother (I-1) to the father and then
to all seven granddaughters is .004 (['4]®). In addition,
our observation that the paternal chromosome is prefer-
entially active in all seven daughters would impose the
requirement that any autosomal gene involved in this
phenomenon must act, in trans, to preferentially inacti-
vate the maternal X chromosome (except in the father)
or to keep the paternal X chromosome active.

The third and, in our opinion, most likely possibility
is that the phenotype may be controlled, in cis, by a
locus on the X chromosome. We believe that this is the
most likely possibility because, if the paternal grand-
mother’s X chromosome carried a “skewing” allele at
this locus, then the probability that her son would re-
ceive this allele is .5, which is the same as the probability
that all of her granddaughters would receive the allele.
The fact that the X chromosome that the granddaugh-
ters inherited from their grandmother is active in the
granddaughters but inactive in the grandmother may be
explained most easily by a recombination event between
the cis-acting “skewing” control locus and the X-chro-
mosome region that we have examined. Although our
current data do not rule out localization of the putative
control locus to a place within the XIC, such a locus
must be distal to the XIST polymorphic site. Although
sequences in the 5’ region of XIST or upstream of XIST
may (if, e.g., an Xce-homologous locus exists in the
human) still be considered candidates for elements con-
trolling the skewed X-inactivation phenotype, we can-
not eliminate the possibility that a gene at some other
location on the X chromosome is involved.

With regard to other possible locations for such a
gene, it is interesting to note that Schmidt et al. (1990),
Clarke et al. (1991, 1992), and Dahl et al. (1995) have
proposed that a gene affecting X-chromosome inactiva-

tion is present in the vicinity of Xq27. Additional map-
ping information that would address the location of a
putative X-linked gene might be derived by determining
more extensive X-chromosome haplotypes for individ-
ual I-1. However, this would require the isolation of
this female’s individual X chromosomes in somatic-cell
hybrids. Such an effort is not, at present, justified, be-
cause only a single informative meiosis (individual II-1)
is available for analysis.

It is very unlikely that our observation is due to selec-
tion against a maternal X chromosome carrying a muta-
tion in an X-linked gene. Neither the X chromosome-
inactivation pattern of the mother nor the X-inactiva-
tion pattern of the maternal grandmother indicates the
presence of such an allele (fig. 1 and table 1). It is also
unlikely that the paternally derived X chromosome has
been selected for on the basis that the father carries a
balanced X autosome translocation, such that cells that
inactivate the translocation chromosome fail to survive.
Each female in generation III has a small but easily ob-
served (fig. 1) subpopulation of cells that must have an
inactive paternal X chromosome. In addition, this male
fathered 11 children, including 7 daughters to whom he
transmitted his single X chromosome, and there are no
indications of infertility or other abnormalities in this
family.

It is also possible that the X-inactivation skewing that
we observe in this family may be due to the presence of
a gene that results in a proliferative advantage (Migeon
1993), or increased relative survival, of lymphoid pre-
cursor cells that have the X chromosome bearing this
gene active. If this “proliferative advantage” or “in-
creased survival” gene were hypothesized to be specific
to lymphoid cells and were able to alter the cell-division
rate of lymphoid precursors without giving rise to any
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disease phenotype, then one might expect that non-
lymphoid cells from these females would not exhibit a
skewed pattern of X inactivation. However, if the effect
of the “proliferative advantage” or “increased survival”
gene was not restricted to lymphoid cells, then, in the
absence of detailed biochemical knowledge of the mech-
anism by which such a gene exerted its effects, it would
not be possible to distinguish between a gene that acted
at the level of X inactivation per se and one that affected
either the rate of cell division or the probability of sur-
vival. Unfortunately, at this time we are unable to obtain
samples of other tissues from this family in order to test
the first possibility.

An intriguing model of an effect of a mutation in the
XIST gene on patterns of X inactivation—a model that
would explain the discordance between the XIST poly-
morphism and the skewed phenotype in this family—
would posit a “reverse parental origin effect” on the
expression of XIST, such that the mutant XIST allele
would be much more likely to be expressed when mater-
nally derived than when paternally derived. The mutant
XIST gene on the X chromosome carrying this allele
would be expressed in I-1 (if it is assumed both that the
relevant XIST mutation was distal to the XIST polymor-

. phic site that we have examined and that the paternal
grandmother received her preferentially inactive X chro-
mosome from her mother), but not in generation III,
because the hypothesized mutant XIST allele is pater-
nally derived in these instances. The daughters in K1362,
therefore, would show nonrandom inactivation of the
other (maternal) X chromosome. Although at present
there are no data to support or refute this model, it is
worth pointing out that Xist shows clear evidence of
imprinting effects in normal gametogenesis and in early
development in the mouse (Ariel et al. 1995; Zuccotti
and Monk 1995). Thus it does not seem unreasonable
to consider possible effects of XIST mutations that inter-
fere with the imprinting process.

We have provided evidence that the choice of which
X chromosome is inactivated in somatic cells of normal
human females may be influenced by genetic factors. We
believe that the family reported here is the first clear
example of this phenomenon in the human. Although
this, in itself, is not unexpected, our observations differ
from those made in the mouse, in that the present report
does not show that there is any clear-cut genetic linkage
to the XIC. Whether this may be taken either as evidence
for the existence of other loci that affect the X chromo-
some-inactivation process per se or as an indication of
X-linked genes that are involved in controlling either
cell proliferation (Migeon 1993) or cell survival is un-
clear. With respect to the possible existence of other loci
that affect X inactivation per se, it is noteworthy that
Xist has been shown to have a clear, cis-acting role in
the process of X inactivation in the mouse but has not
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been demonstrated to be involved in the counting of X
chromosomes or in the choice of which X chromosome
becomes inactivated in an individual cell (Penny et al.
1996). Our studies indicate (Naumova et al. 1995; pres-
ent report; A. K. Naumova, L. M. Bird, and C. Sapienza,
unpublished data) that female individuals in which the
X-inactivation phenotype is strongly biased may occur
with sufficient frequency that family studies designed to
locate genes that affect this process may be possible.
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